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ABSTRACT 


A  method  for  measuring  heat  capacity  and  thermal  diffusivity 
of  solid  materials  from  -180°C  to  +200°C  is  described  in  this  report. 

A  high  intensity  short  duration  light  pulse  is  absorbed  in  the  front 
surface  of  the  specimen  and  the  resulting  temperature  rise  of  the  rear 
surface  is  measured  by  a  thermocouple,  displayed  on  an  oscilloscope 
€uid  photographed  by  a  Polaroid  Land  camera.  From  the  shape  and 
magnitude  of  the  ten^jerature  traces  thus  obtained,  the  thermal 
diffusivity  and  heat  capacity  of  the  specimen  are  determined.  'Diennal 
properties  of  aluminum  alloy  No.  2024  and  single  crystal  magnesium 
oxide  were  determined  with  this  method  over  the  tenperature  range 
fr<Mn  -l80°C  to  +200°C. 
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SIMMBX 


The  Problem  i 

The  need  for  a  reliable  method  of  measuring  heat  capacity 
and  thermal  dlffuslvlty  of  solid  materials  at  high  teiq>erat\ire8  has 
resulted  In  the  development  of  the  flash  technique.  The  objective 
of  this  study  Is  to  describe  an  extension  of  this  method  to  lov 
teiqperatures  and  Its  applicability  to  transparent  solid  materials. 


The  Findings; 

Satisfactory  results  were  obtained  with  this  method  for 
transparent  and  non-transparent  solid  materials  for  teiqperatures  as 
low  as  -l80°C. 
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INTRCDUCTIOI 


Various  methods,  based  on  the  heat  flow  equation,  are  presently 
used  for  determining  the  thermal  properties  of  solids.  The  heat  flow 
equation  can  be  solved  for  a  wide  variety  of  boundary  conditions  and 
the  accuracy  of  the  method  em>loyed  depends  on  how  well  these  boundary 
conditions  can  be  met  in  practice.  Two  of  the  boundary  conditions  not 
easily  satisfied  are  negligible  thermal  contact  resistance  between  the 
specimen  and  its  heat  sotirce  and  negligible  surface  heat  losses  during 
the  measurement  period.  In  the  flash  technique,  developed  at  NRDL 
and  eii;)loyed  here,  the  contact  resistance  is  nonexistent,  since  the 
specimen  is  radiantly  heated  by  a  flash  tube  several  centimeters  away. 
Purthermore ,  surface  heat  losses  ai*e  reduced  to  a  minimum  by  making  the 
measurements  in  a  very  short  period  of  time  during  which  the  conductive 
heat  losses  are  negligible. 

The  flash  technique  en^loys  a  high  intensity,  short  dviratlon 
flash  of  radiant  energy  to  abruptly  raise  the  front  s\irface  ten^erature 
of  the  specimen  under  investigation.  The  resulting  temperature  history 
of  the  rear  surface  is  measured  by  a  thermocoiple  and  the  information 
is  anpllfled  and  displayed  on  an  oscilloscope.  The  rate  of  rise  of  the 
rear  surface  teiqperature  thiis  observed,  determines  the  thermal  dlffu- 
sivlty  and  the  maximum  value  of  temperature  attained  at  the  rear  surface, 
gives  the  heat  capacity  of  the  specimen. 

It  is  the  pxupose  of  this  report  to  describe  an  extension  of 
the  temperatiue  range  of  the  flash  technique  to  low  temperatures  and  to 
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show  applicability  of  method  in  determining  thermal  properties  of 
transparent  solid  materials  such  as  single  crysteLL  magnesliun  oxide. 


THEORY  OP  THE  hCiTHCD 


For  a  perfectly  Insulated  specimen,  of  uniform  thickness, 
unifonnly  irradiated  across  its  front  surface  by  a  high  intensity 
light  pulse  of  short  duration  as  coiqpared  to  the  time  required  for  the 
heat  pulse  to  travel  through  the  specimen,  the  back  surface  tenperature 
history  can  be  represented  by: 

00 

T(Lj^t)/Tm  =  1  +  2^  (-1)"  (1) 

n-1 


where: 


time  t. 


T(L^t)  s  The  Instantaneous  back  surface  tenperature  rise  at 

L  >  Thickness  of  specimen  in  cm. 

T  <=  Maximum  back  surface  tenperature  rise  in  *^0. 
n 

g 

a  =  Thermal  dlffusivity  in  cm  /sec. 


At  time  required  for  the  back  surface  to  reach  half  of 

the  maxiimnn  tenperature  rise,  T(Lt)/T  »  i/2.  Substituting  in  equation 

1  m 

(1)  and  solving  for  the  thermal  dlffusivity 


lo7L^ 

"  ^1/2 


2, 

cm  /sec 


(2) 


The  heat  capacity,  CP,  is  given  by: 


^  cal/gm/®K 

IQ 


(5) 
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Q  =  Radiant  energy  from  flash  lamp  in  cal/ cm 

D  =  Density  of  specimen  in  g/cc 
Thermal  conductivity  is  given  by  equation  (k): 

K  =  ODCp  cal/cnv^sec/°K  (4) 

EXPERIMENTAL  PROCEDURE 

Thermal  properties  of  aluminum  alloy  No.  2024  and  single 
crystal  magneslvun  oxide  were  evaluated  on  the  experimental  apparatus 
shown  in  Figure  (1).  Spring  clips  secure  the  specimen  in  holder  (h) 
which  fits  in  the  center  of  a  metal  container  (C).  With  the  exception 
of  openings  (A)  and  (B)  leading  through  "0"  rings  to  the  outside  of 
vacuvim  chamber  (v),  container  (C)  was  conpletely  enclosed  and  could  be 
filled  with  liquid  nitrogen  to  cool  the  specimen.  A  vertical  heater 
coll  Inside  holder  (h)  and  directly  beneath  the  specimen  EiLlowed  the 
specimen  to  be  heated.  Ten  mil  chromel-alumel  thermocouple  irtres  (TT) 
passed  through  the  center  of  the  heater  coil  making  contact  with  the 
rear  surface  of  the  specimen.  This  thermocov^le  extended  through  Kbvar 
seals  in  the  vacuum  chamber  wall  (V)  to  eui  ice  bath  cold  Junction  and 
then  to  the  amplifier  and  oscilloscope.  Pressure  supplied  by  the 
spring  clips,  holding  the  specimen,  maintained  the  specimen  to  thermo¬ 
couple  contact.  Figure  (2)  is  a  picture  of  the  experimental  setup. 

In  order  to  obtain  correct  tenperature  rise  data,  the  area 
of  contact  between  the  sample  Euid  the  thermocoiple  wires  should  be  small 
however,  if  the  wires  are  too  thin,  poor  contact  will  result  at  the  high 
and  low  temperatures.  The  sharp  ends  of  the  thermocouple  wires  were 
separated  a  few  millimeters  so  that  continuity  depended  on  contact  through 
the  rear  surface  of  the  specimen.  To  Increase  their  rigidity,  the  wires 
were  clasped  a  few  millimeters  from  their  ends  in  a  thermocouple  clasp. 
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Bhovm  In  the  detailed  drawing  of  Figure  (1),  which  could  be  moved  verti¬ 
cally  through  a  small  opening  in  the  center  of  the  holder  top  emd  cotild 
be  secured  with  four  set  screws  In  the  side  of  the  holder.  Steady  state 
specimen  temperatures  were  measured  with  a  Rubicon  potentiometer.  Extreme 
care  was  taken  to  provide  good  electrical  shielding  for  the  entire  system 
In  order  to  minimize  noise  pickup. 

Signal  voltages,  in  the  rauige  of  .02  to  .10  mv,  obtained  in 
the  output  of  the  chromel  edumel  thermocouple,  were  amplified  by  a 
differential  amplifier  having  a  gain  of  580  before  being  displayed  on 
the  oscilloscope. 

Originally  specimen  holder  (h)  Figure  (l),  was  constructed 
of  lavlte  in  order  to  reduce  conductive  heat  losses.  Due  to  the  poor 
heat  conductive  properties  of  lavlte,  the  low  temperature  range  of  the 
system  was  somewhat  limited  emd  at  high  temperatures,  the  high  temperature 
differential  existing  between  the  specimen  and  the  nlchrome  heater  coil 
beneath  It,  would  result  in  the  evaporation  emd  deposit  of  an  electri¬ 
cally  conductive  film  of  nlchrome  on  the  surrounding  surfaces.  To  remedy 
this  defect,  a  holder  was  constructed  of  boron  nitride,  a  binary  nitride 
of  good  thermal  conductivity,  and  high  dielectric  constant.  Boron  nitride 
Increases  the  heat  losses  of  the  specimen  during  Irradiation  but  this 
effect  Is  negligible  If  the  contact  area  between  specimen  and  holder  Is 
kept  low. 

Uniform  Irradiation  by  a  short  pulse  was  obtained  with  a 
General  Electric  FT  ^24  Xenon  flash  lamp  moiinted  above  the  vacuum  chamber 
with  a  qviartz  window  between  the  specimen  and  the  lamp.  Hhe  Xenon  flash 
pvilse  width  Is  500p,  sec,  considerably  smaller  than  the  rise  time  of  the 
back  surface  tenperature  of  specimens  Investigated.  A  constant  voltage 
maintained  across  the  Xenon  flash  leuip  Insured  a  constant  ll^t  output. 
Uhlform  and  constant  absorpteuice  to  the  flash  lanp  Irradlance  was 
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achieved  by  a  thin  coat  of  Parson* s  black  applied  on  the  front  surface 
of  all  specimens. 

Excessive  antounts  of  Parson's  black  affected  the  shape  of 
the  rear  sxirface  tetoperatuire  rise,  especially  with  specimens  of  high 
dlffusivlty,  but  the  effect  was  negligible  when  the  amount  of  black  was 
a  small  fraction  of  a  percent  of  the  specimen's  welf^t. 

Single  crystal  magnesium  oxide  Is  a  transparent  solid  with 
very  poor  electrical  conductivity.  In  order  to  obtain  a  good  conductive 
surface  where  the  thermocoiqple  made  contact  with  the  specimen,  Hanovla 
llqxild  platlnxim  coatings  were  applied  on  the  specimen's  rear  surface. 
Parson's  black  was  applied  on  the  specimens  front  surface  for  constant 
absorptivity.  In  equation  (1),  It  Is  assumed  that  all  reuUant  energy 
absorbed  by  the  specimen  Is  absorbed  at  its  front  surface.  Parson's 
black,  however,  does  not  provide  a  totally  opaque  surface  and  although 
with  non-transparent  speclisens,  this  results  In  the  reflection  of  a 
small  and  practically  constant  fraction  of  the  Incident  radiant  energy. 

In  magnesium  oxide,  the  radiant  energy  normally  reflected  passed  throu^ 
the  specimen  and  raised  the  teiqperature  of  the  platinum  coated  rear 
surface.  To  alleviate  this  effect,  Hanovla  liquid  platinum  was  applied 
on  the  specimen's  front  surface  for  c^queness  and  then  painted  with 
Parson's  black  for  constant  absorptivity.  Ihe  effect  of  the  platinum 
coating  Is  assumed  to  be  very  small  since  the  heat  capacity  of  platinum 
Is  low  as  coiqpared  to  that  of  magnesium  oxide  and  the  thickness  of  the 
coating  Is  negligible  in  conqiarison  to  the  magnesium  oxide  specimen 
thickness. 

Figure  (3)  Is  typlceil  of  the  rear  surface  tenqperature  rise 
as  observed  on  an  oscilloscope.  Knowing  the  gain  of  the  system,  the 
sweep  time  of  the  oscilloscope  and  the  time  the  fleish  lanqp  Is  triggered. 
Indicated  by  a  transient  on  the  base  line  of  the  trace  In  Figure  (3)^ 
the  maxiimim  teiqperatvu:^  rise  T^,  is  represented  by  the  maximum  deflection 
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of  the  trace  from  the  base  line  and  time  t^^^  by  the  time  required 
for  the  trace  to  rise  to  l/2  x  Tm  from  the  insteunt  the  flash  lamp  is 
triggered. 

The  Tm  and  t^^y^  parameters  were  used  in  eqmtions  (2)  and 
(5)  to  determine  the  thexinal  diffusivity  and  heat  capacity  of  each 
specimen  over  a  range  of  temperatures. 


RESULTS 

The  boundary  conditions  on  which  equation  (l)  is  based 
require  a  thermally  well- insulated  specimen  to  be  uniformly  irradiated 
by  a  high  energy  short  duration  ptilse.  In  Figure  (4),  the  solid  line 
is  a  theoretical  curve  of  the  rear  surface  temperature  history  obtained 
from  eqmtion  (1)  and  any  data  deviating  from  this  curve  indicates  a 
depart.ure  from  the  above  boundary  conditions.  The  points  in  Figure  (4) 
are  from  an  actual  tenperature  rise  curve  for  magnesium  oxide.  At  the 
knee  of  the  curve,  the  discrepancy  is  attributed  to  the  effects  of  the 
platinum  and  Parson* s  black  coatings  but  this  does  not  affect  the 
results  obtained  since  the  two  plots  agree  at  the  tj^y2  ^  points 
and  the  maximum  deviation  between  the  two  plots  is  less  than 

Two  specimens,  one  copper  .078"  and  one  silver  .059"  thick, 
of  known  thermal  capacities  over  the  tenperatxire  range  from  -ISO^C  to 
4200°c  were  irradiated  for  the  purpose  of  determining  the  value  of  Q 
in  equation  (5).  Figure  (5)  is  a  plot  of  Q  versus  temperature  for 
the  above  two  specimens.  From  Figure  (5)  it  is  seen  that  Q  remains 
constant  at  0.129  cal/ cm  ,  indicating  the  absorptivity  of  Parson*  s  black, 
applied  on  all  front  surfaces,  remains  constant  over  the  tenperature 
range.  The  value  of  Q  is  dependent  on  flash  laap  voltage,  lanp  to 
specimen  distance  and  front  surface  absorptivity  of  specimen.  If  the 
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above  conditions  remain  unchanged,  Q  Is  a  constant.  However,  Its  value 
was  periodically  checked  using  copper  suid  silver  specimens,  at  room 
temperature  only,  and  all  values  obtained  agreed  within  5?^  of  the 
original  value  obtained  from  Figure  (5). 

Figure  (6)  Is  the  heat  capacity  curve  of  edumlnum  alloy 
No.  2024  versus  tenperature  from  data  taken  on  two  specimens,  one  .OJl" 
thick  and  one  .024"  thick. 

Figures  (7),  (8),  and  (9)  are  heat  capacity,  themal 
dlffualvlty  and  thermal  conductivity  curves  of  single  crysted  magnesium 
oxide  versus  temperature  from  data  taken  on  two  specimen^  one  .106" 
thick  and  one  .086"  thick. 


CCMCLUSIONS 

The  close  agreement  between  the  theoretlced  curve  and 
ejqperlmental  points  In  Figure  (4)  Indicate  that  the  theoretical  boundary 
conditions  of  equation  (1),  l.e.,  low  thermal  losses,  constant  absoip- 
tlvlty  and  uniform  Irradiation  by  a  short  duration  light  pulse,  were  met 
satisfactorily. 

Accuracy  of  data  obtained  with  the  flash  technique  Is  well 
within  The  high  voltage  applied  to  the  Xenon  flash  laap  was  kept 
constant  within  Vf»,  anpllfler  gain  was  measured  within  1^,  traces  observed 
were  measured  from  the  Polaroid  prints  within  a  2$  accuracy  and  the 
thermocovple  used  was  checked  at  0°c,  -78°C,  and  -196®C  and  found  to 
have  a  maximum  error  of  less  than  2^  at  -196^0. 

The  largest  data  fluctuation  observed  was  for  magnesium 
oxide  Figure  (7),  where  at  the  high  tenperatures,  values  for  heat 
capacity  varied  within  a  10^  range.  This  Is  attributed  to  the  platinum 
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coating  on  the  magnesium  oxide,  which  distorts  the  uniformity  of  the 
front  surface  and  which  effect  Is  apparently  more  pronounced  at  the 
higher  tenperatures .  However,  the  high  temperature  portion  of  the  heat 
capacl*^  curve  obtained  for  magneslvun  oxide  agrees  within  4^  with 
already  published  data  as  Indicated  In  Figure  (7).  Alumlnvmi  alloy  No. 
2024  consists  of  90^  aluminum  and  If  the  heat  capacity  curve  In  Figure 
(6)  were  compared  to  that  of  pure  eilumlnum,  they  would  be  found  to  agree 
very  closely  especially  at  the  low  tenperature  range.  All  other  data 
repeated  Itself  within 

The  good  degree  of  repeatability  obtained  with  the  known 
and  unknown  specimens  In  the  report,  demonstrates  the  correctness  of 
the  method  einployed,  degree  of  accuracy  expected  and  that  Parson's 
black  paint  will  provide  a  front  surface  of  constant  absorptivity  to 
Irradiation  with  the  spectral  distribution  of  the  Xenon  leuqp.  Independent 
of  tenperature  but  within  the  stability  range  of  the  paint.  This  pcd.nt 
has  shown  satlsfactozy  stability  In  the  range  from  -I96  to  •l•l60°C. 
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DETAIL  OF  (fft 


TRIGGER 

HIGH  VOLTAGE 

GENERATOR 

SUPPLY 

Figure  1  Block  Diagnun  of  Zkperlaental  Anangenent 


Figure  2  Photograph  of  Experimental  Setup.  (a),(B)  =  Openings  for 
inserting  liquid  nitrogen,  (HP)  =  Heater  power  supply  varlac,  (l)  = 

Ice  bath,  (L)  =  Xenon  flash  lamp,  (P)  =  D.  C.  Anplifier,  (R)  =  Rubicon 
potentiometer,  (TR)  =  Trigger  generator,  (V)  =  Vacuum  chaaiber 


Flgiure  3  Photographic  Trace  of  Rear  Surface  Ten^erature  Rise 
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IRRAOIANCE  (CAL /CM^/SEC) 


Figure  4  Points  of  Observed  Temperature  Rise  Curve  Plotted  Against 

Theoreticed  Rear  Surface  Temperature  Curve  from  Equation  (1) 


TEMPERATURE  (*€) 


Figure  3  Irradiance  of  Xenon  Flash  Lamp 
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Figure  6  Heat  CapacH 
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HEAT  CAPACITY  (CAL/GM/*K) 


Figure  7 


Heat  Capacity  of  Single  Crystal  Magnesium  Oxide 
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Figure  8  Thermal  Diffuslvlty  of  Single  Cryatal  Magnesium  Oxide 


THERMAL  CONDUCTIVITY  (CAL/GM/SEC/*KI 


Figure  9  Thermal  Conductivity  of  Single  Crystal  Magnesium  Oxide 
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Chief  of  fiigineers  (B4Gi'’iC-DE) 

Chief  of  Qigineers  (ENGCW) 

CG,  Anny  Materiel  Connand  (Al'lCRD-DZ^NE) 

CG,  Ballistic  *>esearch  Laboratories 

CG,  USA  CBR  Agency 

president,  Chemical  Corps  Board 

CO,  Chemical  Corps  Training  Command 

Connandant,  Chemical  Corps  Schools  (Library) 

Co,  Chemical  Research  and  Development  Laboratories 
Connander,  Chemical  Corps  Nuclear  Defense  Laboratoiy 
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50 

51 

52 

53 

54 

55-57 

58 

59 

60 
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62 

63 

64 

65 

66 
67 


68 

69-74 

75 

76 

77 

78 

79 

80 

81-82 

83 


84-86 

87 

88 


89 

90-91 

92-93 

94-103 

104 


105 

106 

107 

108 

109 

110 
111 


Hq.,  Army  fiiTironmental  Hygiene  Agency 
00,  Abei*deen  Proving  Ground 
Director,  lAlter  Reed  AStey  Medical  Center 
00,  Combat  Developments  Comnand  (CDCMR-V) 

00,  Quartermaster  Res.  and  Ehg.  Comnand 
Hq,,  Dugway  proving  Ground 
The  Surgeon  General  (MEDNB) 

00,  At^  Signal  Res.  and  Dev.  Laboratory 

00,  Army  Electronic  Proving  Ground 

00,'  fiigineer  Res.  and  Dev.  Laboratory 

Director,  Office  of  Special  Ubapons  Development 

00,  Army  Research  Office 

00,  Matertcem  Arsenal 

00,  Mobility  Comnand 

00,  Munitions  Comnand 

00,  Frankfgrd  Arsenal 

00,  Army  Missile  Command 

AIR  FQrtCE 

Assistant  Chief  of  Staff,  Intelligence  (AFCIN-3B) 

00,  Aeronautical  Systems  Division  (ASAPRD-NS) 
Directorate  of  Civil  fiiglneering  (AF0CS-:ES) 

Director,  USAF  Project  RAND 

Commandant,  School  of  Aerospace  Medicine,  Brooks  AFB 
Office  of  the  Surgeon  (SUt^.l),  Strategic  Air  Command 
00,  Special  Vfeapons  Cei^er,  Klrtland  AFB 
Director,  Air  University  Library,  Maxwell  AFB 
Comnander,  Technical  Training  Visig,  3415th  TTO 
Commander,  Electronic  Oystems  Division  (CBZT) 

OmE*t  POD  ACTIVITIES 

Chief,  Defense  Atomic  Support  Agency  (Library) 
Comnander,  FC/DASA,  Sandia  Base  (FCDV) 

Comnander,  FC/DASA,  Sandia  Base  (FCT05,  Library) 

Comnander,  FC/DASA,  Sandia  Base  (FCWT) 

Office  of  Civil  Defense,  Mbshington 

Civil  Defense  Unit,  Army  Library 

Anned  Services  Technical  Infonnatlon  Agency 

Director,  Amed  Forces  ^dioblology  desearch  Institute 

AEG  ACTIVITTgs  Aim  OTHiias 

Research  Analysis  Corporation 

Aerojet  General,  Asusa 

Aerojet  General,  San  Ramon 

Allis- Chalmers  Manufacturing  Co.,  Schenectady 

Allis- Chalmers  Manufacturing  Co.,  Milwaukee 

Allis- Chalmers  Manufacturing  Co.,  Washington 

Allison  Division  -  CMC 
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112-113 

114-123 

124 

125 

126 
127 

128-130 

131-135 

136-139 

140-141 

142-143 

144-145 

U6-149 

150 

151 

152 

153 

154 

155 

156 

157-161 

162-164 

165 

166 

167 

168 

169-170 

171 

172 

173 

174-175 

176 

177-182 

183 

184 

185 

186 

187 

188 

189 

190 

191-192 

193-194 

195-197 

198 

199 

200-201 

202 

203 

204 

205 


Argonne  Cancel  Bese&Vch  Hospital 
Argonne  National  laboratoty 
Armour  ReseaS'ch  Foundation 
Atomic  B(»ib  Casualty  Conmlsslon 
AEC  Scientific  liep^^esentatlve,  France 
AEC  Scientific  Hep*'esentative,  Japan 
Atomic  fiierg7  Cotnalsslon,  Wkishlngton 
Atomic  Energy  of  Canada,  Limited 
Atomics  International 
Babcock  and  WUcok  Company 
Battelle  MsmorlAl  Institute 
Beers,  Poland  F.,  Inc. 

BTookhaven  National  Laboratory 
Carnegie  Institute  of  Technology 
Chance  Vought  Corporation 
Chicago  Patent  Group 
Columbia  Univereity  (Havens) 

Columbia  Univeraity  (NYO-187) 

Combustion  Shglneering,  Inc. 

Combustion  Ihgineering,'  Inc.  (N%) 

Defence  ^‘esea>'ch  Member 
duPont  Company,  Aiken 
duPont  Company,  Wilmington 

Edgerton,  Germeshausen  and  Grier,  Inc.,  Las  Vegas 

Franklin  Institute  of  Pennsylvania 

Fundamental  Methods  Association 

General  Atomic  Division 

General  Dynamics/ Astronautics  (NASA) 

General  Dynamics/ Convair,  San  Diego  (Butfeps) 
General  Dynamics,  Fort  Wbrth 
General  Electric  Company,  Cincinnati 
General  Electric  Company,  Pleasanton 
General  Electric  Con^ny,  Richland 
General  Electric  Compaiy,  San  Jose 
General  Electric  Coo^ny,  St.  Petersburg 
General  Nuclear  Ehgineerlng  Corporation 
General  Scientific  Corporation 
Gibbs  and  Ccoc,  Inc. 

Goodyear  Atomic  Corporation 
Holmes  and  Narver,  Inc. 

Hughes  Aircraft  Company,  Culver  City 

Iowa  State  University 

Jet  propulsion  laboratory 

Knolls  Atomic  Power  laboratory 

Lockheed-Georgia  Company 

Lockheed  Missiles  and  Space  Company  (NASA) 

Los  Alamos  Scientific  Laboratory  (Library) 
Lovelace  Foundation 
Maritime  Administration 
Marquardt  Corporation 
Martin-Marietta  Corporation 
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206-207 

208-209 

210 

211 

212 

213-214 

215 

216 

217-218 

219 

220 
221 
222 

223 

224 

225 

226 
227 

228-231 

232 

233-235 

236 

237-238 

239 

240 

241 

242 

243 

244 

245 

246 

247 

248 

249 

250 

251-252 

253-257 

258 

259-260 

261 

262 

263 

264 

265-266 

267-270 

271 

272 
273 

274-275 

276 

277 


Massachusetts  Institute  of  Technologjr 

Midwesteni  Universities  Besea^ch  Association 

Ifound  Laboratory 

NASA,  Langley  Besea*V:h  Center 

NASA,  Lewis  Research  Center 

NASA,  Scientific  and  Technical  Information  Facility 
National  Bureau  of  Standards  (Library) 

National  Lead  Company  of  Ohio 
Nevada  Operations  Office 
New  Brunswick  Area  Office 
New  York  Operations  Office 
New  York  University  (Fisher) 

New  York  University  (Richtmeyer) 

Northeastern  University 

Nuclear  Materials  and  Equipment  Corporation 
Nuclear  Metals,  InC* 

Office  of  Assistant  General  Counsel  for  Patents 

Pennsylvania  State  University 

Hiillips  Petroleum  Company 

Power  Reactor  Development  Company 

Pratt  and  Whitney  Aircraft  Division 

Princeton  University  (White) 

Public  Health  Service,  Washington 

Public  Health  Service,  Las  Vegas 

Public  Health  Service,  Montgomery 

Purdue  University 

Rensselaer  Polytechnic  Institute 

Sandia  Corporation,  Albuquerque 

Sandia  Corporation,  Livermore 

Space  Technology  Laboratories,  Inc,  (NASA) 

Stanford  University  (SLAC) 

Stevens  Institute  of  Technology 

Technical  Research  Group 

Tennessee  Valley  Authority 

Texas  Nuclear  Corporation 

Union  Carbide  Nuclear  Company  (ORC©?) 

Union  Ca*bide  Nuclear  Company  (08NL) 

Union  Carbide  Nuclear  Company  (Paducah  Plant) 

United  Nuclear  Corporation  (NDA) 

U.S.  Geological  Survey,  Denver 

U.S.  Geological  Survey,  Menlo  Park 

U.S.  Geological  Survey,  Naval  Ifoapons  Plant 

U.S.  Geological  Survey,  Washington  .. 

Unlveiblty  of  California  Lawrence  Radiation  lab.,  Berkeley 

Utaiveibity  of  California  Lawrence  Radiation  Lab.,  Live*taore 

University  of  California,  Loo  Angeles 

Itaiversity  of  Puerto  Rico 

University  of  Rochester  (Atbbdc  Brergy  project) 

Uhiveibity  of  Rochester  (Marshak) 

Ikiiverslty  of  Whshington  (Geballe) 

University  of  Washington  (Rohde) 
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278-281 

282-283 

284 

285 

286 

287 

288 

289-313 


Wsstlnghouse  Bettis  AtomlR  Powe>^  Laboi'atoi^ 
Vfeetli^ouBe  Electric  Corporation  (Bahilly] 
Vfeetlng^ouse  Electric  Corporation  (NASA) 
Western  ^se**ve  University  (Major) 

Yale  University  (Schultz) 

Yale  University  (Breit) 

Yankee  Atonic  Electric  Company 
Technical  Information  Sbctension,  Oak  Ridge 
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